The aging effects on the deformation and fatigue behavior of extruded Mg-8.0Gd-3.0Y-0.5Zr (GW83) magnesium (Mg) alloy were experimentally studied. The aging process significantly enhances the monotonic strengths under both tension and compression.
Introduction
Due to the high specific strength and low density, magnesium (Mg) alloys have been used in aerospace and automobile industry [1, 2] . The addition of rare-earth (RE) element, such as Gd [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , Y [5-7, 12, 14, 16-29] , La [7, 18, 19, 30] , Nd [18, 19, [25] [26] [27] , and Ce [18, 19, [31] [32] [33] in the Mg alloys offers weakened texture and improved mechanical properties as compared with the conventional Mg alloys. Artificial aging is an effective method to further enhance the strength of Mg-RE alloys by introducing hardening precipitates [3, 5, 12, 14, [24] [25] [26] [27] . With the potential applications of Mg-RE alloys as load-bearing structural components, it is of great importance to investigate the influence of aging process on the cyclic deformation and fatigue properties of Mg-RE alloys.
Conventional wrought Mg alloys, such as AZ31 [34] and ZK60 [35] , usually exhibit a strong basal texture with the c-axes of most grains perpendicular to the extrusion direction or rolling direction. The addition of rare-earth elements, such as Gd, Y, Ce, and Nd, in wrought Mg alloys can modify the texture that results in more random grain orientations. It was reported [36] that the RE elements in texture weakening of Mg alloys (1) modify the stacking fault energy (SFE) of the Mg matrix and (2) enhance the solute drag of grain boundaries and dislocations. Additionally, some RE elements, such as Y, can enhance the stability of partial dislocations of <c+a>, which can facilitate the glide of <c+a> dislocations [3, 17, 20, 21] . With a weakened basal texture and more activated non-basal slips, wrought Mg-RE alloys usually exhibit a near tension-compression symmetry in deformation.
Furthermore, the addition of RE elements in Mg alloys can offer enhanced mechanical strength, which can be achieved via precipitation hardening [12] [13] [14] . He et al. [14] studied the strengthening mechanisms of an extruded Mg-Gd-Y-Zr alloy after artificial aging treatment. It was suggested that the remarkable precipitation strengthening can be attributable to the plate-shaped precipitate phases formed on the prismatic planes of α-Mg matrix phase. The plate-shaped precipitates are vertical to the basal plane of the α-Mg matrix and very thermally stable at 250℃ [12] , resulting in the most effective obstacles to the basal dislocation slips [37] .
Studies [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] were conducted to understand the cyclic deformation and fatigue 3 properties of Mg-RE alloys in the last decade. Wang et al. [48] suggested that for an extruded Mg-Gd-Y-Zr alloy, the material displayed near symmetric stress-strain hysteresis loops under fully reversed strain-controlled tension-compression cyclic loading. A kink point corresponding to a strain amplitude of 0.75% was detected in the strain-life fatigue curve. The kink point signifies a demarcation above which twinning deformation becomes significant. Wang et al. [47] also studied the fatigue damage development in extruded
Mg-Gd-Y-Zr alloy. It was reported that at a high strain amplitude, the microcracks were initiated mainly at the grain boundaries (GBs). Microcrack coalescence played an important role in the final fatigue failure at a high strain amplitude. At a low strain amplitude, microcracks were nucleated at persistent slip bands (PSBs) and GBs but early crack growth often occurred along PSBs. A major part of fatigue life was spent on continuous initiation of microfatigue cracks. However, little work has been done to study the aging effects on the cyclic deformation, low-cycle fatigue (LCF) and fatigue damage of wrought Mg-RE alloys.
Wrought Mg-Gd-Y-Zr alloy is a typical high strength Mg-RE alloy which displays a weaker texture, a higher strength, and improved ductility as compared with the conventional Mg alloys. Most of the wrought Mg-RE alloys are used after aging treatment as structural materials. Therefore, it is important to understand the low-cycle fatigue performance and cyclic plastic deformation of Mg-RE alloys with the aging effects. In the present work, an extruded GW83 alloy after artificial aging treatment was used to study the aging effects on the cyclic deformation, the LCF properties, and fatigue damage under fully reversed strain-controlled tension-compression loading along the extrusion direction.
Material and experiment

Material and Specimen
A billet with a nominal composition of Mg-8.0Gd-3.0Y-0.5%Zr (wt%) and a diameter of 180mm was prepared by semi-continuous casting. The billet was extruded to a bar with a diameter of 45mm at 460℃ and an extrusion ratio of 16:1 after solution treated at 520℃ for eight hours. Before testing, the extruded bar was artificially aged at 225℃ for 10 hours (T5). In the subsequent discussions, the hot-extruded GW83 will be referred to as 4 "as-extruded" and the material after the aging process will be referred to as "aged." The initial microstructure, mechanical properties, LCF properties, and fatigue damage development of as-extruded GW83 were reported in previously published papers [47, 48] .
Some of these published experimental results were cited in this work in order to compare the experimental results of the aged material with these of the as-extruded GW83 alloy. As shown in Fig. 1a , four solid cylindrical dog-bone shaped testing specimens with a diameter of 10.0mm and a gage length of 12.5mm were machined for the monotonic and fully reversed strain-controlled cyclic loading experiments. The axial direction of the testing specimen was aligned parallel to the extrusion direction. Fig. 1a also shows the three-dimensional stereography of the initial microstructure measured by electron 5 back-scattered diffraction (EBSD) for the aged GW83 alloy. Three planes perpendicular to the extrusion direction (ED), the radial direction (RD), and the transverse direction (TD) were examined. On all the three planes, equiaxial grains with an average size of 25μm were observed. No twins were detected in the aged state. Fig. 1b presents the (0002) and pole figures obtained from the EBSD scan on the RD-TD plane of the aged GW83 alloy. It can be seen that the aged GW83 exhibits a weakened texture similar to that of the as-extruded GW83 [48] : the c-axes of grains have a weak tendency to orient along the direction parallel to the ED direction. The intensity of (0002) pole is much lower than that of the conventional extruded Mg alloys.
Experiments
Monotonic deformation and fully reversed strain-controlled tension-compression cyclic loading experiments were conducted using an Instron 8808 hydraulic servo fatigue machine in ambient air. An extensometer with a gage length of 12.7mm and a range of ±40% was used for monotonic loading experiments to measure the axial strain. For fully reversed strain-controlled cyclic experiments, an extensometer with a gage length 12.7mm and a range of ±10% was used. The strain amplitude ranges from 5% to 0.3%, and the loading frequency ranges from 0.2Hz to 10Hz dependent on the strain amplitude. To examine the microstructure of the specimens after monotonic and cyclic loading by EBSD, a cylindrical sample was cut away from the fracture area but within the gage section of the testing specimen. EBSD scans were performed with TSL data acquisition software on an area of 250μm×250μm with a step size of 0.5μm. High-magnified EBSD areas are used to show the featured local microstructure. The EBSD data was analyzed using TSL OIM software.
For studying the fatigue damage evolution, dog-bone shaped plate specimens having a rectangular cross section of 4.5mm×4.0mm with a gage length of 8.0mm were machined from the aged GW83 bar to observe the crack topography on the ED-TD plane. The surfaces of the tested specimens were pre-etched by acetic-picric solution, and examined by high resolution SEM (Hitachi S-4700) after fatigue testing. More detailed experimental process on fatigue damage testing can be found in previous work [47] . From Fig. 2a it can be seen that the stress-strain curves of both as-extruded and aged GW83 alloy exhibit a near tension-compression symmetry. The addition of Gd and Y in the wrought Mg alloys leads to a weakened basal-texture. Due to the random orientation of grains in GW83 alloy, the twinning volume fraction is very small under both tension and compression, resulting in symmetric mechanical behavior [48] .
Experimental results and discussion
Monotonic tension and compression
The monotonic stress-strain curves of both as-extruded and aged GW83 can be divided into three regimes: elastic deformation, microyielding, and macroyielding. When the stress exceeds the elastic limit, microyielding occurs, which can be mainly ascribed to the activation of basal slips in favorably orientated grains. The elastic limit under monotonic tension is identical to that under monotonic compression for the same material. For as-extruded GW83, the elastic limit for both monotonic tension and compression is approximate 96MPa. For aged GW83, the elastic limit is dramatically increased to 207MPa due to the precipitates introduced by the aging treatment. It should be noticed that the elastic limit concept is defined for the material under monotonic loading and it was obtained using a very small plastic strain offset (approximately 2x10 -5 ). Cyclic loading with fatigue damage may alter the range of stress corresponding to pure elastic deformation. 8 The strengthening effect due to precipitates can also be seen in the macroyielding stress and the ultimate strength. The aging process increases the macroyielding stress from 205MPa to 308MPa under monotonic tension and from 203MPa to 309MPa under monotonic compression. Moreover, the ultimate strength and the fracture stress in tension are increased by 106MPa and 122MPa, respectively. However, the elongations of as-extruded and aged GW83 are similar. They are 16.4% and 17.2%, respectively. To understand the aging effect on tension twinning, EBSD scans were conducted at a tension strain of 5% and a compression strain of 5% for both as-extruded and aged GW83
and Fig. 3 shows the EBSD results. For as-extruded GW83, as shown by the black arrows 9 in Fig. 3a and Fig. 3b , tension twins can be detected under both monotonic tension and compression. The c-axes of grains have a weak tendency to orient parallel to the ED direction. Therefore, tension twinning can be activated under both monotonic tension and compression. These tension twins are confirmed to have a 86.3 misorientation angle with respect to the <2-1-10> rotation axis. However, the amounts of tension twins shown in Fig.   3 are very small.
The IPF maps of aged GW83 at a tension strain of 5% and a compression strain of 5% are presented in Fig. 3c and 3d , respectively, and tension twins can be found under both tension and compression with a similar amount. Compared to as-extruded GW83, more tension twins are observed in aged GW83 at the same tension/compression strain, which is mainly due to the precipitates introduced by the aging process. The precipitates in aged GW83 can impede dislocation slips and result in local stress concentrations around these precipitates. These sites accompanied by the increased local stress can induce twin nucleation [51] . Therefore, the precipitates can promote twin nucleation [51, 52] and more twins can be observed in aged GW83. However, the twin volume fractions (TVFs) in Fig.   3c and 3d are still very small, approximately 3%. The similar and small TVFs under monotonic tension and compression indicates that tension twinning is not the dominate deformation mode, and the result is the observed near tension-compression symmetry in deformation. Fig. 4a shows the stress-strain hysteresis loops obtained from fully reversed strain-controlled cyclic loading experiments for aged GW83 at four strain amplitudes: 5%, 2%, 0.6%, and 0.35%. In order to investigate the evolution with loading cycles, the stress-strain hysteresis loops of the first 10 cycles, the cycle at half fatigue life and the cycle close to fatigue life are presented for a selected strain amplitude. At a strain amplitude of 5% for the first loading cycle, both the upper branch and lower branch of the stress-strain hysteresis loop exhibit a concave-down shape and the stress-strain hysteresis loop exhibits a symmetric shape. After the second loading cycle till fatigue fracture, the shape of the stress-strain hysteresis loop evolves from a concave-down shape to a sigmoidal shape, indicating the occurrence of twinning-detwinning. Due to weak texture in aged GW83, twinning-detwinning can be activated in both tension and compression 11 reversals. At a strain amplitude of 5%, insignificant twinning-detwinning occurs during the first loading cycle but it becomes more active with increasing loading cycles. This phenomenon was also reported in the cyclic deformation of as-extruded GW83 [48] . It is interesting to notice that the peak stresses keep almost unchanged after the second loading cycle. From Fig. 4a it can be seen that the cyclic stress-strain response at the strain amplitude of 2% has a similar behavior to that of 5%. Twinning-detwining process takes part in the cyclic plastic deformation and it becomes more significant with increasing loading cycles.
Cyclic deformation
When the strain amplitude is 0.60%, the maximum stress and the minimum stress are slightly higher than the linear elastic limit, indicating that microyielding occurs at this strain amplitude. The stress-strain hysteresis loops are symmetric and keep almost unchanged with increasing loading cycles. When the strain amplitude is 0.35%, both the maximum stress and the minimum stress are smaller than the elastic limit. The stress-strain hysteresis loops are symmetric and the bulk deformation is elastic. However, it can be found from Table 2 that at a strain amplitude of 0.35%, both the plastic strain amplitude and the plastic strain energy density per loading cycle, , are detectable. This indicates that micro-plastic deformation may occur locally at a strain amplitude of 0.35% during fatigue loading.
The stress-strain hysteresis loops corresponding to half fatigue lives are taken to be the stabilized hysteresis loops in the present study. Fig. 4b presents the stabilized stress-strain hysteresis loops with the strain amplitudes ranging from 0.45% to 5% for aged GW83 alloy.
It can be seen that the stabilized stress-strain hysteresis loops of aged GW83 display similar features to these of as-extruded GW83 [48] . When the strain amplitudes are lower than 0.85%, the upper branch and lower branch of loops are nearly fully symmetric. When the strain amplitudes are higher than 0.85%, slightly asymmetry is observed.
Despite the similar features of the stabilized stress-strain hysteresis loops for as-extruded and aged GW83, the aging process has a manifest strengthening effect on the cyclic deformation. Fig. 5 presents the variation of stress amplitudes with the number of loading cycles for as-extruded and aged GW83 alloys at three representative strain amplitudes. For 12 a strain amplitude of 0.35%, the stress amplitude of aged GW83 is slightly higher than that of as-extruded GW83. With the increasing strain amplitudes, the strengthening effect of aging treatment becomes more obvious. At strain amplitudes of 0.6% and 2%, the stress amplitudes of the stabilized hysteresis stress-strain loops for aged GW83 are increased by about 37MPa and 105MPa, respectively, compared to the as-extruded GW83. GW83 together with the monotonic tension and monotonic compression stress-plastic strain curves. Strengthening effect due to aging treatment can be obviously seen: for the same plastic strain magnitude, the stress magnitude of aged GW83 is significantly higher than that of as-extruded GW83. It was reported that for as-extruded GW83 when the stress magnitude is less than 237MPa, the CSPSC is practically identical to the monotonic tension and compression stress-plastic strain curves [48] . A similar observation is made for aged GW83. Fig. 6 reveals that the CSPSC of aged GW83 is very close to the monotonic stress-strain curves when the stress magnitude is less than 231MPa, signifying little cyclic hardening or softening. When the strain magnitude is above 231MPa, CSPSC is higher than the monotonic stress-plastic strain curves, indicating cyclic hardening. 14 
Fatigue
The fatigue results of aged GW83 obtained from fully reversed strain-controlled tension-compression experiments along the extrusion direction are summarized in Table 2 .
The stress and strain quantities reported in Table 2 are taken from the stress-strain hysteresis loops at approximately half fatigue lives. With decreasing strain amplitudes, the fatigue lives of aged GW83 alloy increase, but the mean stresses keep almost unchanged, ranging from -10MPa to 0MPa. The minimal mean stress for aged GW83 is due to the near symmetric stress-strain hysteresis loops resulted from the weakened texture and the resistance of rare earth elements on the occurrence of twinning. 
where is the strain amplitude and is the number of cycles to failure. The remaining three parameters , and are constants obtained by best fitting the experimental data.
It was reported that there existed a kink point in the strain-life curves for AZ31B [53] , AZ61 [54] , ZK60 [55, 56] , and extruded GW83 [48] alloys. The kink point represents a demarcation line above which twinning-detwinning process is a significant plastic deformation mechanism in cyclic deformation. When the strain amplitude is below the kink point, dislocation slips dominate the cyclic plastic deformation. From Fig. 7a it can be seen that such a kink point exists for both as-extruded and aged GW83. For as-extruded GW83, it was reported [48] that the strain amplitude corresponding to this kink point is 0.75%. For aged GW83, the strain amplitude corresponding to the kink point is slightly increased to 0.8%.
A careful observation reveals that there exists another kink point with a strain amplitude of approximate 0.5% in the strain-life curve of aged GW83. When the strain amplitude is below 0.5%, the stress-strain hysteresis loops are fully symmetric and the bulk cyclic deformation is elastic. However, results listed in Table 2 indicate that both the plastic strain amplitude and the plastic strain energy density per loading cycle, , are measurable, which indicates that micro plastic deformation occurs during cyclic loading. Therefore, the kink point corresponding to a strain amplitude of 0.5% may represent the transition from micro-plastic deformation to macro-plastic deformation.
Results shown in Fig. 7a reveals that when the strain amplitude is larger than 0.80%, the fatigue life of as-extruded is similar to that of aged GW83. When the strain amplitude is less than 0.80%, aged GW83 exhibits a slightly longer fatigue life at an identical strain amplitude. From the stress-life results shown in Fig. 7b , it can be seen that the material is significantly strengthened by precipitates introduced by aging treatment. Under the same stress amplitudes, aged GW83 has much longer fatigue lives than as-extruded GW83. 17 In order to explore further the cyclic plastic deformation mechanisms at the strain amplitudes near the upper kink point in the strain-life curve of aged GW83, EBSD scans were taken on the specimens after fatigue testing at the strain amplitudes above and below the upper kink point. Fig. 8 presents the microstructures measured by EBSD for aged GW83 alloy after fatigue testing at strain amplitudes of 0.6% and 2%. Hexagonal sketches in Fig.   8b indicate the orientations of the grains. It can be found that when the strain amplitude is 0.6%, no residual twins can be detected, indicating that slips, mainly basal slips, dominate the cyclic plastic deformation. When the strain amplitude is 2%, residual twins are detectable inside the grains, signifying the activation of the twinning-detwinning process. 
Fatigue damage
It has been mentioned that for extruded GW83 alloy, when the strain amplitudes are smaller than 0.80%, the aging process can improve the fatigue properties. For example, at a strain amplitude of 0.5%, the fatigue lives of as-extruded and aged GW83 are 7,420 cycles and 15,650 cycles, respectively. Therefore, it is of interest to investigate the aging effect on the fatigue damage on GW83 alloy. alloy at 92% fatigue life under a strain amplitude of 0.5% where slips dominate the cyclic plastic deformation. Fig. 9b and c are the enlarged local areas in Fig. 9a . From Fig. 9a and b, it can be seen that for aged GW83 alloy, many grains are covered with persistent slip bands (PSBs). However, the morphology of PSBs in aged GW83 is different from that in as-extruded GW83. It was reported [47] that for as-extruded GW83 alloy at a stain amplitude of 0.5%, many grains were covered with straight and continuous PSBs. For aged GW83, the PSBs are fragmented by the precipitates. He [14] suggested that after peak aging treatment, the prismatic plate-shaped phase can be introduced to aged GW83 alloy.
The PSBs in aged GW83 are unable to bypass the precipitation phases. As a result, short and fragmented PSBs are observed in Fig. 9a and b.
It was suggested [47] that for as-extruded GW83 alloy at a stain amplitude of 0.5%, microcracks can be nucleated at PSBs and early crack growth often occurs along PSBs.
With the resistance of phase in aged GW83, the initiation of microcracks can be impeded 19 and the early crack growth occurring along PSBs can be resisted. The microcracks in aged GW83 can also be fragmented by the precipitates and the length of microcracks can be reduced, as shown in Fig. 9c . The result is a longer fatigue life in aged GW83 than as-extruded GW83 at the same strain amplitude of 0.5%.
Further Discussion
Aging process can introduce precipitations in the extruded GW83 alloy. It was reported that the main precipitation phase in Mg-Gd-Y-Zr alloy is the plate-shaped precipitate phase formed on prismatic planes of α-Mg matrix phase [12, 14] . The boundaries between the precipitate phases and the Mg matrix can block dislocation slips, resulting in a strengthening effect.
For the monotonic deformation, the aging process increases the elastic limit (microyielding stress) from 96MPa to 207MPa (see Table 1 ). For the GW83 alloy under investigation, basal slips are responsible for microyielding. Therefore, it can be concluded that the plate-shaped precipitate phases in aged GW83 strongly impede basal slips. This conclusion is consistent with the results reported by Agnew et al. [52] . It was suggested that similar plate-shaped precipitate phase formed on prismatic planes of α-Mg matrix phase in a
Mg-Y-Nd-Zr alloy could strongly impede basal slips. Moreover, the aging process also increases the macroyielding stress, the ultimate strength, and the fracture strength in tension by more than 100MPa.
The fatigue experiments shown in Fig 7a reveal that the strain amplitude corresponding to the kink point which represents a demarcation line of the involvement twinning-detwinning process is slightly increased from 0.75% to 0.8% by the aging process.
Therefore, the aging treatment increases the activation stress of tension twinning of extruded GW83.
It was reported that for extruded ZK60 alloy, the aging process has a significant influence on monotonic deformation behavior but a marginal influence on the stabilized cyclic deformation and fatigue behavior [56] . There are two main differences in the aging effects between GW83 alloy and ZK60 alloy. The Mg-Zn precipitates in aged ZK60 have 20 little effects on basal slips, while the precipitates in GW83 have a significant strengthening effect on basal slips. In addition, for the cyclic deformation, the stabilized hysteresis stress-strain loops of as-extruded and aged ZK60 are almost identical. The aging process has a marginal influence on the stabilized cyclic deformation and fatigue. In contrast, for GW83 alloy, when the strain amplitudes are above 0.5%, the stress amplitudes of aged GW83
are obviously higher than that of as-extruded GW83 throughout the whole fatigue life. The aging process has a manifest strengthening effect on the cyclic deformation of GW83 alloy (see Fig. 5 ).
The different aging effects in GW83 and ZK60 alloy can be ascribed to the different precipitate shapes in these two Mg alloys. For aged GW83, the main precipitate phase is the plate-shaped precipitate formed on prismatic planes. For aged ZK60, the rod-like phase with its long axis normal to the basal plane provides a dominant strengthening effect. Nie [14, 37] . Therefore, the influence of aging treatment on basal slips in GW83 alloy is more obviously than that in ZK60 alloy. The reason why aging process has a marginal influence on the stabilized cyclic deformation of ZK60 alloy but has an obviously strengthening effect on the cyclic deformation of GW83 alloy is also possibly due to the different precipitate phases. Dedicated microscopic observations such as TEM are required to further explore the role of precipitates in the cyclic deformation and fatigue behavior.
Conclusions
Monotonic tension, monotonic compression, and fully reversed strain-controlled cyclic deformation and fatigue experiments were conducted on aged GW83 alloy along the extrusion direction. The following conclusions can be drawn from the experimental study: 21 1) The aging treatment (225℃ for 10 hours (T5)) has a significant influence on mechanical properties under both monotonic tension and monotonic compression.
2) Basal slip-dominated microyielding occurs at a stress of approximately 96MPa for as-extruded GW83 and at a stress of approximately 207MPa for aged GW83, indicating that the precipitates introduced by aging process strongly impede basal slips.
3) More tension twins are observed in aged GW83 at the same tension/compression strain than in the extruded GW83, which can be attributed to the local stress concentrations around precipitates that may enhance initiation of twinning. However, the twin volume fraction of aged GW83 even at a strain of 5% is very small.
4)
The aging treatment has a significant strengthening effect on the cyclic deformation of extruded GW83. The kink point in the strain-life curve demarcates the involvement of twinning-detwinning process in cyclic plastic deformation. The strain amplitudes at the kink points are 0.75% and 0.8%, respectively, for ax-extruded and aged GW83, indicating an influence of the aging process on the activation of tension twinning.
5) When the strain amplitudes are below 0.8%, aged GW83 alloy has a longer fatigue life than that of extruded GW83 alloy at an identical strain amplitude, which can be attributed to the fragmented PSBs and the inhibition of microcracks by the precipitates.
